Relationships between leaf expansion and MeOH-soluble (cytosol) and cell-wall fractions, and their sugar composition prior to silking in flint corn lines were studied. A greater husk leaf area of one genotype, X-15 is mainly due to prolonged and higher rate of expansion. Prior to rapid expansion of husk leaf area, neutral sugars in the cytosol fraction accounted for most of the non-starch carbohydrates (56-62 %), while hemicellulose and cellulose fractions accounted for less than 20 %. In mature leaf parts, however, sugars in the cytosol fraction decreased but those in hemicellulose and cellulose fractions increased by 30 % and 42 %, respectively. The predominant sugar in the cytosol fraction was glucose (Glc), while in the hemicellulose fraction xylose (Xyl) and arabinose (Ara) dominated. During rapid expansion of husk leaves, "$C was incorporated at a higher rate into hemicellulose than cellulose, and this process was more active in X-15 than in other genotypes. During an identical period, "$C atom % excess in Xyl increased markedly in the hemicellulose fraction, however it remained low in the cytosol one. The current results suggest that synthesis of Xyl and xylan plays an important role in renewal of hemicellulose, which may be required for expansion.
INTRODUCTION
Husk leaves in some corn genotypes contribute to grain yield more efficiently than culm leaves due to a higher percentage of photosynthate translocation (Sawada et al. 1995) , however, their total contribution of photosynthate to grain production is smaller than culm leaves because of their small leaf area. The husk leaf area is correlated with leaf dry weight (Fujita et al. 1995) and expands in parallel with increases in the amount of cell-wall components such as the hemicellulose and cellulose fractions (Sato et al. 1997) . However, how they relate to each other has not yet been elucidated. Therefore, it is intended to test a hypothesis that relative changes in carbohydrate metabolism play a role in synthesis of cell-wall components, leading to leaf area expansion among corn genotypes.
Prior to emergence of husk leaves in some corn genotypes, we observed a slowed expansion and a paling of the leaves (Sato et al. 1997) . Immediately after the husk leaf tip emerged from the ear leaf sheath, however, the leaf area increased rapidly until silking and photosynthetic activity increased. Furthermore, husk leaves sustained photosynthate levels more by their photosynthesis than by influx from culm leaves (Sato et al. 1997) . Thus, the photosynthate supply may not restrict the expansion of husk leaves, and the extent to which the photosynthate is utilized in the developing husk leaves may give rise to differences in leaf area.
The cells of plants are surrounded by a hydrated wall composed of complex carbohydrates, glycoproteins and phenolics (Darvill et al. 1980 ; Fry 1988) .
Although alterations in the physical properties of the primary wall are clearly responsible for plant cell enlargement (Cleland 1977) , the chemical bases for such alterations are far from understood. Several structural and architectural changes accompany elongation of grass cell walls. During isodiametric expansion of meristematic cells, the major noncellulosic polysaccharides are glucuronoarabinoxylan (GAX) and the pectic polysaccharides (Carpita 1984) . In dividing and elongating cells, highly branched GAXs are abundant, whereas after elongation and differentiation more unbranched GAX accumulates (Carpita 1984 ; Gibeaut & Carpita 1991) . The appearance of β--glucan during cell expansion, the association of hydrolysis of β--glucan in muro, and acceleration of its hydrolysis by growth regulators further point to the direct physical involvement of the polymer in cell growth (Carpita 1996) . We have deduced from data on a flint corn genotype that the production of cell wall components such as hemicellulose and cellulose is related to leaf expansion (Sato et al. 1997) .
Leaf growth involves the production and expansion of leaf cells, with the latter suggested to be of overriding importance (Ferris & Taylor 1994 ; Gardner et al. 1995) . Expansive growth is co-regulated by the rate at which cell walls loosen and extend, and the rate at which water and solutes are accumulated by the growing cell (Lockhart 1965) . The cell wall consists of two continuous interpenetrating systems, one of which is the cellulose fibrils and the other the continuous system of microcapillary spaces. These spaces may be filled with hemicellulose and other organic substances (Bailey 1957) . The properties of the cell wall are determined by those of cellulose and other substances which may add some characteristics or alter slightly those of the cellulose.
It is known that cell wall relaxation and turgor pressure are prerequisites for cell elongation (Cosgrove 1987) . For instance, expansin plays a vital role in cell wall expansion through loosening cell wall materials (Cosgrove 1999) . When the amount of hemicellulose in Gramineae is reduced by degradation with 1,3 ;1,4-β-glucanase, the cells elongate by turgor pressure (Sakurai 1991) . Sequential loosening, expansion and subsequent tightening of the cell walls along the growing zone play a vital role in cell elongation (Carpita 1996) . However, the relation between cell expansion and synthesis of cell wall polysaccharides in the husk leaves is not well understood. Detailed analyses of husk leaf composition during the rapid phase of development may give a clue, but these have not been made.
This report documents the changes in the composition of the cell components, particularly the hemicellulose fraction, for the different growth phases (expanding and matured) and correlates these changes with the rapid expansion phase of the husk leaf.
MATERIALS AND METHODS
Seeds of the pure lines of flint corn X-15, CM-80 and CE-78 were grown in the experimental field of Hiroshima University, Higashihiroshima City, Japan from May to June 1997. The soil consisted mainly of granite regosols, and received basal dressings as follows ; 150 kg N\ha, 98 kg P\ha and 139 kg K\ha. The soil pH was adjusted to about 6n5 with dolomitic lime prior to fertilization. Nitrogen was top dressed at a rate of 100 kg\ha about 1 month after planting.
Whole plots consisted of 60 rows spaced at 100 cm apart with 40 cm between hills. Three seeds were planted per hill on 18 May 1997 and the plants were thinned to one plant per hill 21 days after planting. Main plots consisted of pure lines while the subplots consisted of sampling periods at 11, 5 and 4 days before silking (DBS). Three replications were adopted.
Three plants from each replication were harvested at 11, 5 and 4 DBS when the husk leaf tip started to emerge from the leaf sheath of the first ear (located at the uppermost position on the main culm), a period referred to as presilking hereafter, and at silking. For determination of dry weights, the harvested plants were separated into leaves on the main culm, husk leaves, culm and other parts including ears. These were dried at 70 mC in a forced-air oven for more than 3 days and the dry weights taken.
Photosynthetic rate and leaf area measurements
Photosynthetic rate was measured by a portable infrared gas analyser (Model LI-6400, LICOR, Lincoln, NE) under natural light conditions as described in Sawada et al. (1995) . The photosynthetically active radiation (PAR) was above 1700 µmol\m#\s during the measurements. Photosynthetic rates for about eight leaves on the first ear (uppermost ear) and ear leaves were measured at 11, 5 and 4 DBS, and at silking.
The leaf area of 8-11 husk leaves was individually determined by an auto leaf area meter (Model AAM-5, Hayashi Denko Co. Ltd., Osaka, Japan). Specific leaf weight was calculated as mg leaf dry weight\mm# leaf area. All the measurements were made with three different plants of each genotype.
Water potential, osmotic potential and turgor measurements
The leaf water potential (ψ w ) and osmotic potential (ψ s ) were measured by thermocouple psychrometry using a sample chamber (Model C-52, Wescor, Logan, UT, USA) and microvolt meter (HR-33T, Wescor) attached to a chart recorder to read the microvolt output. Calibration was performed at 25 mC with 10 µl volumes of NaCl solutions of a known molarity.
Leaf discs, 0n5 cm in diameter, were cut from the husk leaf and immediately placed in sample chambers for equilibration. After reading of the ψ w , the sample chamber was transferred to a k20 mC freezer, and kept overnight. The sample chamber was returned to the experimental room and ψ s was measured after 3 h of equilibration at 25 mC. Turgor potential (ψ p ) was calculated as the difference between ψ w and ψ s .
Fractionation and measurement of sugars in each fraction
Samples of husk leaves (1 g) were taken from the 1st ear immediately after harvesting, separated into the emerged (matured) part (the husk leaf tip only) and the unemerged (expanding) part (0-3 cm from the base of the leaf blade), and a portion of each was immersed in a vial containing 10 ml of 99n5% methanol and kept below 4 mC until analysis. The overall length of the husk leaf at the presilking stage was about 6-10 cm in all the genotypes. Cell walls which were prepared from the husk leaves on each ear and ear leaf were fractionated according to the method described in Sakurai et al. (1987) . Analyses of cell wall components were conducted on emerged and unemerged husk leaf parts at presilking and on the whole husk leaves and ear leaves at silking. Fresh leaves were fixed in MeOH and boiled for 10 min. The MeOH extract was designated as the MeOH-soluble fraction and contained neutral sugars including glucose, fructose and sucrose in the cytosol. The husk leaves were rehydrated and homogenized in liquid nitrogen. The homogenate was centrifuged at 1000 g for 10 min. The resultant supernatant was designated as the water-soluble (WS) fraction. This fraction also consisted of neutral sugars in the cytosol, but was collected after denaturation of the proteins with TCA (trichloroacetic acid) (50 g\l, weight\volume). The wall residue was washed with deionized water, acetone and a methanol : chloroform mixture (1 : 1, volume\ volume) and air dried. In this procedure, the dried cell wall material, starch, is gelatinized in boiling water and then removed by enzymatic digestion with α-amylase (Sigma). Proteins were removed by treating the residue with 200 µg\ml pronase (Actinase Kaken Kagaku Co., Tokyo, Japan) in Na-phosphate buffer (pH 6n5, 50 m) containing 5 % (v\v) ethanol for 18 h. The pectic fraction was extracted from the wall residue (cell wall) by treating with 50 m EDTA at 95 mC for 15 min. The hemicellulose fraction was extracted with a solution of 175 g\l NaOH containing 0n2 g\l NaBH % for 18 h. The alkali-insoluble fraction was designated cellulose. The hemicellulose fraction was neutralized with glacial acetic acid. The pectic and neutralized hemicellulose fractions were dialysed against deionized water for 20 h. The total sugar content of each fraction was determined by the phenol-sulphuric acid method (Dubois et al. 1956 ). The neutral sugar composition of the MeOH soluble and hemicellulose fractions was determined by GLC, according to the method of Albersheim et al. (1967) .
"$CO # feeding
A "$CO # feeding experiment was conducted to determine changes in the labelled assimilates in the various plant parts and in the cell wall composition for a short period (6 to 72 h after the introduction of "$CO # ). The experiment was carried out as described in Sawada et al. (1995) . An ear leaf was exposed to "$CO # feeding 5 to 11 DBS. A leaf was enclosed in a transparent plastic bag in which a beaker containing 10 g of Ba"$CO $ (99n5 atom % "$C) was placed. Four millilitres of 30 % HClO % was injected and "$CO # was evolved. The leaf was then allowed to assimilate the "$CO # under natural light conditions for 2 h. During "$CO # assimilation, the PAR was greater than 1700 µmol\m#\s. Five plants were harvested at 6, 24 and 72 h after the end of "$CO # assimilation. Harvested plants were immediately separated into the "$CO # fed ear leaf, husk leaves and other parts. Husk leaves were put into a vial containing 10 ml of 99n5% (v\v) methanol. Other plant parts were separately dried at 70 mC in a forced-air oven for 3 days. The plant parts were weighed, and ground to fine powder with a vibrating sample mill (Model T1-100 Heiko Co. Ltd., Iwaki, Fukushima, Japan).
"$C analysis
The "$C abundance in the ground plant materials, cellulose and hemicellulose fractions was determined with a mass spectrometer (Delta plus, Finnigan, San Jose, CA, USA). The "$C atom % excess in the plant sample was calculated as the difference in "$C atom % between the sample and standard pure chemical, glycine. The amount of labelled C in the plant sample was calculated as described by Sawada et al. (1995) . The "$C abundance in respective sugars in MeOH and hemicellulose fractions was determined with GC\ C\MS (MAT 252, Finnigan, San Jose, CA, USA).
Statistical analysis
All the experiments were conducted with 3 or 4 replications. The effect of treatments was assessed according to the expected mean squares given by McIntosh (1983) . For mean separation, the treatment sum of squares was partitioned by the method of orthogonal contrasts. The coefficients of variation for all response variables were less than 10 %. The standard error was calculated according to the methods described by Snedecor (1959) .
RESULTS

Leaf expansion and photosynthetic rate
Husk leaf area increased rapidly after the tip portion emerged and until silking. There was a difference in the husk leaf area for the first ear in the order of X-15 CE-78 CM-80 (Fig. 1) . The duration of increase in husk leaf area on the first ear was 4, 5 and 11 days in CM-80, CE-78 and X-15, respectively (data not shown). The rate of increase in husk leaf area was similar for X-15 and CE-78, which was greater than in CM-80 (Fig. 1) . The specific leaf weight of husk leaves was almost identical in the unemerged expanding part of the husk leaf at presilking, however it was greater in CM-80 than in X-15 in the distal husk leaf part and at silking (data not shown). Whole plant dry weight did not differ significantly among genotypes but husk leaf weight was greatest in X-15, followed by CE-78 (Fig. 2) . Such genotypic differences were consistent during 2 consecutive years (data not shown). Photosynthetic rate was slightly higher in the culm leaves than in the husk leaves (Fig. 2) .
Water potential, osmotic potential and turgor measurements
Water potential (ψ w ) was higher in CM-80 than other genotypes, while osmotic potential (ψ s ) was higher in X-15 than the genotypes (Table 1) . Turgor (ψ p ) was in the order of : CM-80 X-15 CE-78.
Cytosol and cell wall composition
Analyses were made to associate the rapid expansion of husk leaves with cell and cell wall properties. The sugar content of husk leaves was highest in the MeOH-soluble (21-28 % relative to total sugars) and lowest in the pectin (0n7-1n5 %) fraction in the unemerged expanding part (Table 2) . While the sugar content of MeOH decreased in the emerged and matured parts, WS and pectin fractions remained stable despite differences in leaf age, that of the hemicellulose and cellulose fractions recorded significant increments in the emerged parts. The sugar content of various fractions during the rapid expansion stages varied among genotypes as indicated by the differences in the values for the matured part and that of the expanding part in Table  2 . Although there was no significant difference in increase in sugar concentration in the cellulose fraction, the increase in the hemicellulose fraction was greater in X-15 than in other genotypes. Although there was no increase in hemicellulose except in CM-80, cellulose fractions continued to increase after the leaves emerged ( Table 2 ). The sugar content of the pectin fraction was the lowest among the various components during leaf expansion.
Constitutional sugar compositions of MeOH soluble, pectin and hemicellulose fractions
In the MeOH soluble fraction, the Glc content was generally high, but it was lower in the emerged and matured husk parts of the leaf (Table 3) . The major components of the neutral sugar of pectin were Glc, Ara and rhamnose (Rha) (data not shown). The predominant sugar components of the hemicellulose fraction were Xyl, Ara and Glc (Table 3 ). The Xyl content was higher in the emerged and matured distal portion than in the unemerged expanding portion, however the Ara and Glc content showed no definite trend. A greater husk leaf area in X-15 tended to be associated with an increase in Xyl content during leaf area expansion.
"$C partitioning among cell components and constitutional sugars
The "$C atom % excess in husk leaves tended to be higher than that in the other plant parts for 72 h after "$CO # feeding (data not shown), and was higher in X-15 than in other genotypes (Fig. 3) . The excess in the hemicellulose fraction increased rapidly 6-24 h after the "$CO # feeding in X-15 but remained stable in other genotypes (Fig. 3) . Although the "$C atom % excess in the cellulose fraction of the husk leaves increased up to 72 h, it decreased in CM-80 (Fig. 3) .
At presilking, the "$C atom % excess was greater in Ara in the MeOH fraction 24-48 h after "$CO # was fed, however it remained lower in Xyl (Fig. 4) . On the other hand, in the hemicellulose fraction, the "$C atom % excess in Xyl and Glc was consistently higher than in Ara, and increased rapidly, attaining a peak at 48 h. At silking, the "$C atom % excess in all the sugars tended to decrease with time after "$CO # feeding, with that in Xyl the lowest (data not shown). A similar tendency was found in the culm leaves.
The "$C atom % excess in various constitutional sugars in the MeOH-soluble and hemicellulose fractions in the expanding husk leaf varied among flint corn genotypes (Fig. 4) . In the MeOH-soluble fraction, it was higher in Ara than in other sugars, and remained lower in Xyl except for a temporary increase at 72 h after "$CO # feeding. In general, X-15 showed higher values than other genotypes except for Xyl up to 48 h. In the hemicellulose fraction, the "$C atom % excess tended to be higher in Xyl, and Glc in X-15 than other genotypes, but lower in CM-80 in all the sugars.
DISCUSSION
These results suggest that husk leaf area differed among corn pure lines (Fig. 1) , however, no significant difference in the culm leaf area and photosynthetic rate was found (Fig. 2) suggesting that the difference in the husk leaf area may not be due to the supply of photosynthate to developing husk leaves. This can be supported by our earlier report that defoliation of all the culm leaves just before the husk leaves emerged had no detrimental effect on the area expansion of husk leaves (Fujita et al. 1995) .
The rapid increase in sugar content in the cellulose fraction continued even after the rate of leaf expansion slowed down (Fig. 1) , suggesting that cellulose synthesis contributes not only to leaf expansion but also secondary growth of leaf.
The Xyl, Glc and Ara were predominant in the hemicellulose fraction (Table 3) ; these and other results suggest that the synthesis of hemicellulose which occurs in parallel to leaf expansion is closely linked to synthesis of Xyl, Glc and Ara, particularly Xyl synthesis.
The "$C tracer experiments revealed that during the expansion of husk leaves, while the "$C atom % excess in Xyl increased at 72 h in the MeOH-soluble fraction, it increased much earlier (8 h) and was maintained at a higher level in the hemicellulose fraction (Fig. 4) . This result suggests that although renewal of Xyl in the cellular pool is slower, incorporation of Xyl synthesized newly into the hemicellulose in the Golgi apparatus is active. From these results, together with the phenomena showing an active synthesis of Xyl in the developed and emerged husk leaves, it can be concluded that synthesis of Xyl occurs specifically in the Golgi apparatus during leaf expansion. The current results confirm that synthesis of UDP-xylose from UDP-glucose is conducted in Golgi membrane (Hayashi et al. 1988) . Although the concentration and "$C atom % excess of Xyl was low in the cytosol of the expanding husk leaves, it remained high in the expanded leaves (Fig.  4) . This is consistent with the finding that little Xyl is synthesized in the cellular pool in the developing leaves (Hayashi et al. 1988) . The increase in concentration of Xyl in the cytosol fraction in the expanded leaf seems to be due to an acceleration of the release of Xyl from Golgi owing to a decrease in the requirement for synthesis of hemicellulose.
The "$C labelling pattern varied depending upon the constitutional sugar species : the "$C atom % excess in Gal was high after 24 h in the MeOH-soluble as well as in the hemicellulose fraction, while in Man it increased after 24 h in the former but only at 72 h in the latter fraction (data not shown). Furthermore, that in Ara was high after 6 h in the MeOH-soluble fraction but low in the hemicellulose fraction (Fig. 4) . These results suggest that some sugars such as Gal, Man and Ara are produced in the cytosol, and subsequently transferred to the hemicellulose. The results of the current study support an assumption that UDP-Xyl is synthesized from UDP-Glc by UDP-glucose dehydrogenase and UDP-glucuronate decarboxylase in the Golgi membrane as reported by Hayashi et al. (1988) and Tenhaken & Thulke (1996) .
It has been reported that cell loosening through digestion of hemicellulose by 1,3 ;1,4 glucanase is a prerequisite for cell elongation (Sakurai 1991). Breakdown or metabolic turnover of cell wall constituents during growth has been reported (Machet & Nance 1962) . Wada et al. (1968) , suggesting that enzymatic degradation of some hemicellulose polysaccharides, which are the major components of the cell wall matrix, possibly of β-1,3-glucan, could lead to weakening of bonds in the cell matrix, or to relaxation of stress exerted by turgor, thus leading to elongation and growth. Sato et al. (1997) suggest from a "$C tracer experiment that a progressive decrease in the percentage of "$C in the hemicellulose fraction after feeding with the "$CO # , is related to wall turnover, an important process in cell expansion. A similar phenomenon was observed in the current study showing a depression of "$C atom % excess at 48 h after attaining the highest value in the hemicellulose fraction (Fig. 3) .
It has also been reported that cell expansion, which is the basis for root extension, could be controlled by turgor pressure, wall rheology and the hydraulic conductivity of the water pathway to the growing cell wall (Lockhart 1965) . Although cell turgor pressure also plays an important role by providing the driving force for cell growth (Taylor & Davies 1986 ; Boyer 
